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Abstract. – Tailings of two former mines located in the French Massif Central (La Petite Faye in Creuse Dpt. and
Enguialès in Aveyron Dpt.) were studied in order to forecast the mobility of arsenic and others metallic trace elements
(MTE) resulting from sulphides oxidation. Arsenic and MTE could potentially be toxic as a contamination in the sedi-
ments, soils, waters…The formation of new products resulting from the alteration processes is especially interesting
because of the abilities of these products to trap these metals or metalloids. We have focussed our study on the alter-
ation products in order to determine their role in the immobilisation of arsenic and others MTE. The two selected sites
present closed Eh-pH conditions (acidic and oxidant). Nevertheless La Petite Faye site display less leaching than in the
site of Enguialès due to its layout : the tailings in the former site are disposed in a settling basin whereas in the latter
one, they are spread out on a steep slope. After a chemical and mineralogical characterisation of the tailings, we have
estimated according to the Eh-pH conditions the solubilities of the various secondary products. In both sites, the
hydrochemical study (for la Petite Faye) and laboratory experiments (for Enguialès) highlight the presence of mineral-
ogical products with low solubility in the current geochemical conditions. At la Petite Faye, scorodite and beudantite
mainly ensure an efficient trapping of As and Pb. These two minerals are stable for acidic and oxidant conditions, even
if scorodite is more sensitive to pH variations and could transform into goethite. The low As (< 0,1 mg.L–1) and Pb
(under detection limit) concentrations measured in the water table along the six-months hydrological study confirm
this previous result. In Enguialès, high quantities of As are trapped in amorphous products (Fe/As ~ 1.7). Subsequently
As is more easily remobilised and is trapped secondarily by goethite, hematite or jarosite but in few quantities in com-
parison with those observed in amorphous products (1.4 wt.% < As < 3.5 wt.%). This releasing is highlighted by the
leaching experiments, which indicate a significant remobilisation of As issued from amorphous products. However, in
current conditions, the properties of the iron oxyhydroxides or of the iron sulphate ensure an efficient As trapping.
The different behaviours of the trapping of As and Pb in the two sites are mainly explained by the hydrological
context, the tailings layout, their granulometry and the cristallinity of the secondary products.
Piégeage et relargage de l’arsenic et du plomb dans d’anciennes haldes de mines –
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Résumé. – Introduction – L’extraction minière engendre une pollution multiforme due à l’oxydation des sulfures
contenus dans les stériles : drainages acides miniers (AMD) [Ritchie, 1994], remobilisation et piégeage plus ou moins
stable des éléments toxiques (As, S, Pb...) [Webster et al., 1994 ; Hudson Edwards et al., 1999]. La formation de nou-
velles phases plus stables thermodynamiquement dans des conditions oxydantes est un des aspects crucial dans l’im-
mobilisation de ces éléments [Webster et al., 1994].
Dans le Massif central, l’exploitation minière a été très développée au 20e siècle, générant d’abondants résidus
miniers disposés en haldes généralement sans réhabilitation. Deux sites de cette région ont été étudiés (La Petite Faye
– Creuse et Enguialès – Aveyron). La répartition et la distribution de As, et d’autres ETM, au sein des produits d’alté-
ration et la stabilité de leur piégeage dans les conditions actuelles ont été étudiés. Le but est de connaître le devenir de
As au sein de ces haldes en observant la formation de nouveaux minéraux et leur incidence sur la pollution du milieu
environnant.
Description des sites – La Petite Faye (site 1) est une ancienne mine d’or fermée en 1964 et dont les stériles, déposés
dans un bassin de décantation, représentent 35 000 t (fig. 1a). La minéralogie du minerai traité est composée de quartz,
micas, feldspaths, arsénopyrite, galène et berthiérite. Les stériles sont caractérisés par une granulométrie fine sablo-li-
moneuse et des concentrations en As, Fe et Pb très élevées (tabl. I). Cette zone présente des conditions Eh-pH assez
stables, oxydantes et acides (pHmoy = 3.2 ± 0.3).
Le gisement tungstifère d’Enguialès (site 2) présente une minéralisation principalement constituée de wolfra-
mite, pyrite et arsénopyrite. L’activité minière de ce site a cessé en 1979 et les stériles, environ 300 000 t, ont été dé-
versés à même la pente topographique (≈ 35o) (fig. 1b). Ils sont de granulométrie granulo-sableuse et disposés en tas,
ravinés par les AMD et les eaux météoriques. Ce site, partiellement réhabilité, présente des conditions Eh-pH oxydan-
tes acides (pH = 2.8 ± 0.3). L’oxydation des stériles se manifeste par des indurations locales riches en oxyhydroxydes
de fer (alios) plus ou moins arséniés cimentant les minéraux primaires (ciment ocre au contact du substrat micaschis-
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teux, rouge quelques centimètres au-dessus (tabl. II).
Les stériles de chaque site ont été caractérisés chimiquement (ICP-MS/AES) et minéralogiquement (DRX, MEB
et EMPA) pour identifier les produits d’oxydation des sulfures. Afin de déterminer la stabilité thermodynamique des
néo-produits piègeant As et Pb des échantillons d’eaux ont été prélevés (site 1) et des expériences de solubilité (site 2)
ont été réalisées.
Résultats et discussion. – Les matériaux des deux sites sont à des stades d’évolution différents et présentent des
concentrations en As et Pb très élevées, piégés au sein de produits néoformés.
Minéraux néoformés. – A la Petite Faye, les phases secondaires principales sont des minéraux arséniés tels la scoro-
dite FeAsO4·2(H2O) ou la beudantite PbFe3(AsO4)(SO4)(OH)6. D’autres produits complexes ont été observés au
MEB : (i) des produits chimiquement comparables à la symplesite [Fe++3(AsO4)2·8(H2O)] pouvant inclure des arsé-
niates de plomb de formule structurale proche d’une anglesite arséniée [Pb(SO4)x(AsO4)y] (fig. 2) ; (ii) des agrégats
rouge foncé (fig. 2) avec un rapport Fe/As ≈ 15 correspondant vraisemblablement à des oxyhydroxydes de fer amor-
phes ou mal cristallisés (fig. 3).
A Enguialès des minéraux secondaires porteurs d’As comme la jarosite (2 %wt.), la goethite (3.5 %wt) ou l’hé-
matite (1.4 %wt.) ont été détectés principalement dans les ciments rouges. Les ciments ocre sont majoritairement com-
posés de produits amorphes très riches en As (Fe/As = 1.7) (fig. 4).
Equilibre solution/solide. – Les caractéristiques oxydantes, acides du site de la Petite Faye favorisent un piégeage effi-
cace de As au sein de la scorodite, stable dans ces conditions [Vink, 1996]. Cependant la sensibilité de ce minéral aux
conditions Eh/pH ne garantit pas une immobilisation à long terme de As ; à pH modéré (≈ 4), la scorodite peut en effet
se transformer en goethite [Welham et al., 2000]. Par contre la beudantite, au produit de solubilité faible [Roussel et
al., 2000], assure un piègeage efficace de As et Pb entre pH 2 et 4,5. Les 70 premiers centimètres de la zone étudiée
sont toujours désaturés (fig. 6a). Le pH peu acide des eaux est constant (6.5 ± 0.2) à l’inverse du potentiel redox, ca-
ractéristique de conditions faiblement oxydantes (224 ± 58 mV) (fig. 6b). Un suivi hydrochimique indique des concen-
trations en arsenic «faibles» (inférieures à 0,1 mg/L) et celles de Pb apparaissent non significatives confirmant une
immobilisation efficace de ces éléments au sein des stériles.
A Enguialès, la phase la plus riche en As est un «arséniate» de fer amorphe, plus abondant au sein du ciment
ocre. Les expériences de lixiviation effectuées en laboratoire montrent des solubilités de 0.094 mg L–1 pour le ciment
ocre (Fe/As = 2.9) et 0.027 mg L–1 pour le ciment rouge (Fe/As = 9.8). Plus le rapport Fe/As des précipités est élevé et
plus le minimum de solubilité est déplacé vers des pH basiques [Krause et Ettel, 1988 ; Vircikova et al., 1985]. De
plus, le minimum de solubilité des composés bien cristallisés est inférieur à celui des produits amorphes. Dans les
conditions Eh-pH actuelles, les solubilités moyennes montrent une forte potentialité de relargage de As à partir des
«arséniates» de fer. Par contre la jarosite ou la goethite par exemple, au sein desquelles As est également piégé [Cour-
tin-Nomade, 2001], apparaissent comme des minéraux stables sur le long terme [Stahl et al., 1993].
Conclusion. – L’oxydation des sulfures implique la re-mobilisation immédiate de As, et des ETM, dont une partie se
recombine sous diverses formes. En conditions supergènes, l’efficacité de ce re-piégeage est très variable et dépend de
deux paramètres principaux : (1) la stabilité thermodynamique intrinsèque des produits secondaires et (2) la stabilité
des conditions Eh-pH du milieu. A la Petite Faye, As et Pb sont efficacement piégés soit par des minéraux bien cristal-
lisés (beudantite, scorodite) soit plus accessoirement au sein de produits amorphes (oxyhydroxydes de fer). A Enguia-
lès les produits néoformés sont continuellement lixiviés et les possibilités de re-mobilisation de As plus élevées.
Cependant la configuration «ouverte» du système n’empêche pas celui-ci d’évoluer vers un re-piégegage de As de plus
en plus stable (goethite, jarosite, hématite). L’étude couplée de ces deux systèmes différents montre qu’ils tendent vers
un piégeage plus efficace de As et Pb. Les différences observées dans le piégeage de ces deux éléments résultent prin-
cipalement des spécificités propres à chacun des sites (contexte hydrologique, configuration des haldes, granulométrie
et cristallinité des produits secondaires).
INTRODUCTION
Mining activities generate a multiform pollution due to
sulphides oxidation present in the tailings. Their contact
with atmospheric conditions can lead to Acid Mine Drain-
age (AMD) [Ritchie, 1994], a remobilization of toxic ele-
ments (As, S, Pb…) [Webster et al., 1994] which could be
immobilised in the sediments, the soils, by a more or less
stable trapping [Hudson Edwards et al., 1999]. One of the
aspects of the metallic trace elements (MTE) and
metalloids immobilisation is the formation of new products
thermodynamically more stable in the oxidysing conditions
[Webster et al., 1994]. We especially focussed on arsenic
because of the increasing contamination of water or soils
by this element in numerous countries. This pollution is
mainly the result of the leaching of the tailings (e.g. USA,
Japan, Europe…) [Yan-Chu, 1994]
In the French Massif Central, mining activities were
greatly developed in the twentieth century. Thus, before the
1980’s abundant mining tailings were generated and laid in
dumps without any remediation. Our study focussed on two
sites : the first one was non-remediated and is located in the
Creuse department (France – site of La Petite Faye); how-
ever the second one, in the Aveyron department (France –
site of Enguialès), was slightly remediated. The aim of this
study is to forecast the evolution of arsenic and other MTE
in the waste dumps by observing both the formation of
neo-minerals and the effect on the environmental pollution.
We have studied alteration products, arsenic and MTE (es-
pecially Pb) in these products and tested their stabilities in
the current conditions. The comparison of these two sites
which present close geochemical characteristics (e.g. high
As quantities, silicated enclosing…), but different dumps
layout, stages and evolved conditions, would allow us to es-
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tablish a scheme of the arsenic and MTE remobilization
during and after sulphides oxidation.
MATERIALS AND METHODS
For each site, the Eh-pH conditions of the tailings were de-
termined. The pH (KCl 3M HI 1230B combined electrode)
and the redox potential (Eh) (Platinum METROHM elec-
trode) were determined in accordance respectively with
French AFNOR X31-117 (1981) (solid) and X31-103
(1995) (solution). A mineralogical characterisation study
was made in order to know the arsenic (and Pb) distribution
in the neo-formed products as well as their immobilisation
capacities toward these two elements. The different meth-
ods of mineralogical characterisation used are X-ray dif-
fraction (XRD – Siemens D5000 diffractometer equipped
with CuK (anticathod, Laboratory of Analyses from the
University of Limoges, France), Scanning Electron Micros-
copy (SEM Philips XL-30; accelerated tension between 15
et 30 kV, Laboratory of Analyses from the University of
Limoges, France) coupled with an Energy Dispersive Sys-
tem (EDS) and electronic microprobe (CAMECA probe
SX-50; voltage acceleration of 20 keV; aperture window of
4 nA, Centre of Electronic Analysis of Paris, CAMPARIS –
University of Paris VI and VII, France). Chemical composi-
tions of the tailings are obtained by total rock analyses
(ICP/MS-AES, CRPG-CNRS, Nancy, France).
Leaching experiments were conducted with a solid con-
centration of 10 g.L–1 in a 0.01 M NaNO3 media. The pH
was regulated with concentrated solutions of HNO3 or
NaOH and a sampling was done when equilibrium time was
reached. The equilibration time was determined by previ-
ous studies as a function of time under the same conditions
at fixed pH 6. These experiments were conducted for pH
between 2 to 10 in order to study the release behaviour of
the principal secondary products. Concerning the site of La
Petite Faye, water samples were collected at different peri-
ods, filtered at 0.45 µm and acidified with HCl in the field,
and concentrations in water were measured by furnace
atomic absorption (VARIAN SpectrAA-800 Zeeman, LSEE
– University of Limoges, France).
SITES DESCRIPTION
Because of the different ore exploitation methods, the
waste dumps of the two sites present different layouts.
La Petite Faye
This site, located in the Guéret granite, was exploited for
gold until 1964. The ore processed is mainly composed of
quartz, micas, feldspaths, arsenopyrite, galene and berthierite.
The tailings generated by mining activity were deposited in a
settling basin (fig. 1a) and represent 35 000 t. According to
their variable vegetal recolonisation and hydric conditions,
three zones were distinguished. From zone 1 to zone 3, the
vegetal development and the saturation degree increase.
The tailings resulting from the ore treatment were
poured as liquid mud in the settling basin all along the min-
ing exploitation period. Because these tailings are charac-
terised by a fine granulometry (sand to silt) and higher As,
Pb, Fe concentrations than those measured in the two other
zones, we have especially studied the zone 1 (tabl. I). In
this zone the tailings evolved to an anthroposol where vari-
ous horizons were distinguished. Horizons are character-
ised by stable Eh-pH conditions (mean of the measures
realised up to 68 cm depth) typically those of oxidant me-
dia with acid pH (pHmean = 3.2 ± 0.3).
Enguialès
This tungstiferous deposit is located in the “la Châtaigneraie”
district, in the south of the French Massif Central. Mineral-
ised veins are mainly composed of wolframite, pyrite and
arsenopyrite. The mining activities ceased in 1979. The
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FIG. 1. – (a) La Petite Faye layout; (b) Enguialès simplified map.
FIG. 1. – (a) configuration de La Petite Faye ; (b) carte simplifiée d’Enguialès.
TABLE I. – Chemical compositions of the zone 1 soil profile (ICP-MS ana-
lyses, CRPG – Nancy)
TABL. I. – Compositions chimiques obtenues par analyse ICP-MS en roche
totale (CRPG – Nancy) sur un profil pédologique de la zone 1.
Depth (cm) Fe2O3 (%) S total (%) As (mg.L
-1
) Pb (mg.L
-1
)
1.5 8.17 0.12 48000 9841
4 9.66 0.13 59560 10495
20 8.35 0.26 53824 17048
50 7.6 0.34 52727 20874
300 2.86 0.14 968 190
tailings represent 300 000 t directly spread out on a steep
slope (~35°) on about 22 000 m2 (fig. 1b). The tailings are
coarser than those of La Petite Faye (sandy granulometry)
and are disposed as a pile ravined by AMD and meteoric
waters. The remediation that was done on this site consisted
of closing the galleries access and gathering all the waters
in only one dewatering point, which reduced AMD phe-
nomenon. Currently only the meteoric waters circulate
across the tailings. Nevertheless, the Eh-pH conditions are
oxidant and always very acidic with pH = 2.8 ± 0.3.
Unlike La Petite Faye, there is no anthroposol develop-
ment, but rather the oxidation of the tailings is expressed by
local induration of them. These iron oxyhydroxides crusts
are especially well developed in the gullies erosion zones.
Grains of ore gangue (quartz, muscovite and tourmaline)
mainly constitute these iron crusts. These primary minerals
are bound by a Fe-As rich cement. This cement is ochre
when in contact with the micaschists substratum and then
red over a few centimetres above the ochre one (tabl. II).
RESULTS AND DISCUSSION
The materials present in the two sites show different evolu-
tion stages. They are rich in As (At La Petite Faye : be-
tween 4 and 6 % and at Enguialès : between 4 and 8 %) and
Pb (only at La Petite Faye : between 1 and 2 %). These ele-
ments, mainly issued from the sulphides alteration, are sec-
ondarily trapped by neo-formed products. XRD pointed out
the presence of As-minerals at La Petite Faye whereas no sec-
ondary As-crystalline products were detected at Enguialès.
Neoformed minerals
La Petite Faye
The main secondary products are As-bearing minerals such
as scorodite FeAsO4·2(H2O) or beudantite PbFe3(AsO4)
(SO4)(OH)6. Scorodite has a very homogeneous chemical
composition and is present as a yellow product (size be-
tween 25 to 100 µm) with a mudcrack-type texture.
Beudantite, which belong to the alunite-jarosite supergroup
[Jambor, 1999], occurs as small black globules, about 5 µm
in size (fig. 2a). The microprobe analyses show that this
beudantite is enriched in As (fig. 3). This fact points out the
important role of Fe in the As and Pb trapping by more or
less well-crystallised minerals (fig. 3). Other As-rich sec-
ondary products are identified by SEM and appear to be
very complex. Several aspects of them are observed :
(i) Fe-As rich matrix including small S and Pb-bearing
products; their composition respectively closely correspond
to those of symplesite [Fe++3(AsO4)2·8(H2O)] or those of
a lead arsenate with a structural formula close to an
As-bearing anglesite [Pb(SO4)x(AsO4)y] (fig. 2); (ii) dark-red
aggregates with a Fe/As ratio ~ 15 (fig. 2) probably corre-
sponding to not well-crystallised or amorphous As-bearing
oxyhydroxides (fig. 3).
Enguialès
Secondary minerals, such as jarosite or goethite, were de-
tected in the ochre and the red cements. Furthermore, XRD
spectra show a dome at 6.72Å indicating the presence of
amorphous products; however, despite the use of meticu-
lous magnetic selection to eliminate the ore gangue miner-
als, no crystallised As phases were identified. The arsenic
distribution study in the material shows very high concen-
trations locally. The richest products in As and Fe, with a
size higher than 100 µm, are amorphous and present a yel-
low colour, a resinous aspect with a mudcrack-type texture
indicating a high hydration degree. The chemical composi-
tion of these products is homogeneous with a Fe/As ratio ~
1.7 (fig. 4a). These “arsenate” iron hydrates are especially
abundant in the ochre cement. The red cements are com-
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TABLE II. – Chemical compositions of the tailings and the two kinds of ce-
ments – Analyses by ICP-MS (CRPG – Nancy).
TABL. II. – Compositions chimiques des stériles et de deux ciments type –
Analyses ICP-MS en roche totale (CRPG – Nancy).
Fe2O3 (%) As (mg.kg
-1
) Stotal (%)
“Raw” tailings < 2 mm 5.31 282 0.14
Red cement 42.09 40304 2.28
Ochre cement 19.29 82847 1.05
100 µm
(i)
Grains ⇒ S,Pb
Scorodite
Beudantite
As-bearing iron oxyhydroxides
20 µm(ii)
FIG. 2. – La Petite Faye – Backscattered-electron image (a) general view of a thin section showing scorodite, beudantite and S-Pb-rich complex include
in Fe-As-rich matrix ; (b) two kinds of red aggregates with (i) an As-rich iron oxyhydroxides and (ii) an As-poor iron oxyhydroxides.
FIG. 2. – La Petite Faye – Image en électrons rétrodiffusés (a) vue générale d’une lame mince montrant la présence de scorodite, de complexes riches en
S et Pb inclus dans une matrice arséniée ferrifère ; (b) deux types d’agrégats rouges avec (i) un oxyhydroxyde de fer arsénié et (ii) un oxyhydroxyde de
fer faiblement arsénié.
posed of better crystallised products which correspond to
jarosite KFe3(SO4)2(OH)6 and goethite (α-FeOOH), fre-
quently associated in colloform textures with hematite
(α-Fe2O3). Hematite is also present as “turbostratic” textures
placed side by side with fissural filling of cryptocrystalline
goethite (fig. 4b). All these minerals contain As : 3.5 wt.%
for goethite, 2 wt.% for jarosite and 1.4 wt.% for hematite.
Solid/solution interface
La Petite Faye
Scorodite is considered to be a stable mineral under acidic
and oxidysing conditions [Vink, 1996]. Krause and Ettel
[1988] estimated its minimal solubility (As < 0,05 mg.L–1)
for a range of pH between 3 and 4.5 (fig. 5). In the current
geochemical conditions, As in scorodite appears to be sta-
ble. However, due to its high sensitivity to Eh-pH condi-
tions, this mineral does not guarantee an immobilisation of
As for a long period : for a pH value near 4, scorodite can
be transformed to goethite [Welham et al., 2000] which im-
plies a release of As in large proportion. On the contrary,
beudantite, which has a low solubility product [Roussel et
al., 2000] ensures an efficient trapping of As and Pb for a
pH range from 2 and 4.5.
In zone 1, which presents high quantities of As and Pb,
was installed a piezometer permitting an hydrogeochemical
monitoring during 6 months. Regular sampling allow us to
follow the evolution of the As concentrations with the wa-
ter table fluctuations. The first seventy centimetres are al-
ways desaturated and water table level does not increase
above 2 m in depth (fig. 6a). The weakly acidic water pH is
quite stable (6.5 ± 0.2). Conversely, the redox potential,
characteristic of weakly oxidysing conditions, is more vari-
able (224 ± 58 mV) (fig. 6b). The water analyses indicate
low As concentrations, mainly lower than 0.1 mg.L–1. Nev-
ertheless, one concentration peak at 0.25 mg.L–1 was ob-
served in April (fig. 6a). It is associated with the rising of
the water table due to a rainy period in March, as indicated
by the decrease of the Eh-pH values due to dilution. Pb
concentrations measured in the water table are not signifi-
cant (under the detection limit). Nevertheless, as the upper
part of the zone is always desaturated, the interstitial waters
percolating during the rainy period only control the solubil-
ity of the secondary minerals. If we consider the transfers
as vertical and not horizontal, the low As-Pb concentrations in
the water table are a supplementary argument for immobilisa-
tion of the elements in the tailings located in the zone 1.
Enguialès
In this site, the richest As product corresponds to an amor-
phous iron “arsenate” which is mainly observed in the
ochre cement rather than in the red cement. These cements
present different Fe/As ratios : 2.9 for the ochre cement and
9.8 for the red cement. The data from Krause and Ettel
[1988] indicate relatively high apparent solubility for arse-
nates, whatever well crystallised or not. The minimum solu-
bility (around As ~ 15 mg.L–1) is obtained for a pH value of
3.5. The solubility of the two kinds of cement was esti-
mated by laboratory leaching experiments. These experi-
ments indicate a minimal solubility for the ochre cement at
0.026 mg.L–1 for a pH = 4.9 and about 0.006 mg.L–1 for a
pH = 4.9 for the red cement (fig. 7). In the red cement
(higher Fe/As ratio), a lowest minimal solubility is ob-
tained for more basic pH and for a larger range. If we con-
sider the current geochemical conditions (pH = 2.8), we
obtain an average solubility for the ochre and the red ce-
ment of 0.094 and 0.027 mg.L–1 respectively. Vircikova et
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FIG. 3. – La Petite Faye – Ternary distribution diagram As-Fe-Pb– EMPA
(wt.%).
FIG. 3. – La Petite Faye – Diagramme ternaire de répartition As-Fe-Pb –
analyses par microsonde électronique (en wt.%).
10 µm
Amorphous
product ⇒Fe, As
(a)
100 µm
goethite
hematite
(b)
FIG. 4. – Enguialès – Backscattered-electron image (a) Fe-As rich amorphous phase ; (b) Hematite turbostratic texture and goethite fissural filling.
FIG. 4. – Enguialès – Image en électrons rétrodiffusés (a) Phase amorphe riche en Fe et As ; (b) Texture turbostratique d’hématite et remplissage fissural
de goethite cryptocristalline.
al. [1995] obtained the solubility of iron arsenate for differ-
ent Fe/As ratio which show the same trend (fig. 7). The
higher the Fe/As ratio, the more basic and larger the range
of pH values corresponding to the minimal solubility (mini-
mum 0.05 mg.L–1) [Vircikova et al., 1995; Papassiopi et
al,. 1988]. Moreover, the solubility decreases with the in-
crease of the Fe/As ratio. If we consider the current Eh-pH
conditions at Enguialès, the estimated solubilities show a
high potentiality to release As from the identified amor-
phous iron “arsenate”. On the contrary, the most crystal-
lised products as goethite and jarosite, in which As is also
trapped [Courtin-Nomade, 2001], appear as stable minerals
in the long term [Stahl et al., 1993]. The simultaneous pres-
ence of these two minerals, which mainly constitute the red
cement, agree with the kinetics of the low dissolution of the
jarosite and its possible transformation to goethite.
CONCLUSION
This study of the secondary solid products and their inter-
action with solution (field hydrological study for la Petite
Faye and laboratory leaching experiments for Enguialès) al-
lows us to evaluate the importance of arsenic (and MTE)
re-mobilisation and re-trapping in the two sites. Sulphides
oxidation implies immediate release of MTE and a part of
them is recombined through different forms. Under
supergene conditions, the efficiency of this re-trapping is
very variable and mainly depends on two main parameters :
(1) the thermodynamic stability of the secondary products
and (2) the stability of the Eh-pH conditions of the media.
The Eh-pH variations depend on the tailings layout, their
granulometry and the hydrological context. Thus at “La
Petite Faye”, the permanently unsaturated tailings can be
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FIG. 6. – La Petite Faye – Dans la zone 1 (a) variations du niveau de la nappe et des concentrations en As ; (b) variations Eh/pH.
considered as a system isolated from most of the water in-
flow. The main part of As is immobilised in well-crystallised
arsenate (scorodite, beudantite) while only small As quanti-
ties are trapped in amorphous phases (iron oxyhydroxides).
The stability and low solubility of these oxidation products
insure an efficient As immobilisation. In the same way, Pb is
well immobilised in beudantite, which presents a low solu-
bility product. On the contrary, at Enguialès, the secondary
products are continuously submitted to runoff, enhancing
the re-mobilisation of As after its first trapping in amor-
phous products. Although the system is opened to continu-
ous water inflow runoff, the solubilised As will be partly
trapped toward more stable minerals (goethite, jarosite, he-
matite).
This study of two hydrochemical systems, which present
different evolution stages, point out a similar trend in a more
and more efficient immobilisation of As and other MTEs.
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